Amino acid substitutions were introduced into four conserved N-linked glycosylation sites of the human immunodeficiency virus type 1 envelope transmembrane glycoprotein, gp4l, to alter the canonical N-linked glycosylation sequences. One altered site produced a severe impairment of viral infectivity, which raises the possibility that N-linked sugars at this site may have an important role in the human immunodeficiency virus type 1 life cycle.
The molecule that provides the membrane anchor for the human immunodeficiency virus type 1 (HIV-1) external envelope protein, gpl20 (1) , is the envelope transmembrane protein, gp4l (22) . The coding sequence of gp4l is unusually long compared with the transmembrane protein of retroviruses outside the subfamily of lentiviruses (14, 17, 18, 21, 23) . The extra coding sequence of gp4l is located distal to a characteristic hydrophobic membrane anchor domain and is believed to be on the cytoplasmic side of the membrane (2) . Except for this unique feature, gp41 has several structural features, within the region proximal to the hydrophobic membrane anchor domain, in common with the envelope transmembrane proteins of a divergent family of animal retroviruses (5, 21) . These common features, from the N terminus to the C terminus of gp4l, include the following: a hydrophobic stretch of amino acid residues, a region rich in threonine and serine residues, a string of amino acid residues with a high probability of forming an a-helix structure, two or three vicinal cysteine residues, and consensus N-linked glycosylation sites which are followed by the hydrophobic membrane anchor domain.
The functional significance of some of the conserved structural features of gp4l was explored in several previous studies. For instance, mutations introduced to the hydrophobic sequences in the N terminus of gp4l were found to greatly reduce the syncytium-forming abilities of the mutant viruses (8) . Mutagenesis through insertion of in-frame linkers to the region rich in threonine and serine residues was found to disrupt the association between gp4l and gpl20 (9) . In addition, substituting the two highly conserved vicinal cysteine residues of gp4l with other amino acid residues was found to affect the processing of the gpl60 precursor, which suggests that the conformation dictated by the disulfide bond formed by these vicinal cysteine residues is important for the maturation of the envelope protein (20) .
In the coding sequence for gp41 of most HIV-1 isolates with known nucleotide sequences, there are four consensus N-linked glycosylation sites located within a region flanked by two highly conserved vicinal cysteine residues and a hydrophobic membrane anchor domain (15) . This high degree of structural conservation is intriguing in light of the sequence heterogeneity found in the envelope genes of various HIV-1 isolates (15) . In the present study, we used an HIV-1 molecular clone, HXB2 (4), as a working model to address the question of whether alteration of these highly conserved N-linked glycosylation sites of gp4l affects HIV-1 infectivity.
As shown in Fig. 1 , five potential N-linked glycosylation sites are present within the region flanked by the two highly conserved vicinal cysteine residues and the hydrophobic membrane anchor domain of HXB2. Among these five sites, only the first four sites are shared by most HIV-1 isolates (15) . Five N-linked glycosylation site mutants of HXB2, designated 611, 616, 624, 637, and 674 ( Fig. 1) , which had the asparagine residue of the canonical N-linked glycosylation sequence replaced by a noncanonical residue, were constructed to study whether these conserved N-linked sequences were critical for HIV-1 infectivity. These mutants were generated by the oligonucleotide-directed mutagenesis of Kunkel et al. (10) . The template used was a 2.7-kb SalI-BamHI fragment of HXB2, which contains most of the envelope-coding sequence of HXB2. The mutagenic oligonucleotides used to generate these mutants are shown in Table 1 . As shown in Fig. 1 , the asparagine residue of the canonical Asn-X-Ser/Thr sequence was replaced by a histidine residue. The SalI-BamHI fragments containing the desired mutations were verified by DNA sequencing (19) , and the M13 replicative forms containing the desired mutations were used to replace the corresponding SalI-BamHI fragment of the wild-type virus.
Western blot (immunoblot) analyses were first carried out to examine whether alterations introduced into these conserved N-linked sites affected the expression of the envelope gene-encoded gp160 and gpl20 (3) . For this purpose, each proviral DNA of the wild-type and mutant viruses was transfected into COS-7 cells by the DEAE-dextran method (25) . Cell lysates were prepared 48 h posttransfection and analyzed with a reference serum from an HIV-1-seropositive patient. As shown in Fig. 1 drastically affected by the alteration of the canonical N-linked glycosylation sequences at all four highly conserved N-linked glycosylation sites and a fifth nonconserved N-linked glycosylation site within the extracellular domain of gp4l.
Lysates prepared from virions collected from the culture supernatants of the COS-7 cultures transfected by the wildtype virus or the mutant viruses were also analyzed by Western blot with a pool of HIV-1-positive sera showing positive reactivity to gp4l. As shown in Fig. 2 , alterations introduced at the four conserved N-linked glycosylation sites caused all four mutated gp4l species to migrate faster than the wild-type gp4l. In contrast, an identical substitution of an asparagine residue with a histidine residue at the nonconserved site 674 had no discernible effect on the migration pattern of this mutated gp4l. The specificity of gp4l was indicated by its reactivity to a rabbit anti-gp4l (Fig. 2) . Mutant 518 had a stop codon inserted at the seventh amino acid residue of gp4l (Table 1) and was not expected to have gp4l in its virions. One possible interpretation of these findings is that N-linked sugars are present at all four highly conserved potential N-linked glycosylation sites. This interpretation is particularly attractive for mutants 611 and 616 in light of our finding that after virions were treated with peptide-N4-(N-acetyl-p-glucosaminyl)asparagine amidase, the deglycosylated gp4l of mutants 611 and 616 comigrated with the deglycosylated gp4l of the wild-type virus (Fig. 2) . To study whether HIV-1 infectivity was affected by alterations introduced to these five N-linked glycosylation sites of gp4l, cell-free virions were collected 48 h posttransfection from COS-7 cultures transfected with mutant and wild-type virus. After adjustments for the level of reverse transcriptase (RT) activity were made, equal amounts of mutant and wild-type virus were used to infect a CD4-positive cell line, SupTl. The RT activities in the supernatants of the infected SupTI cultures were monitored every 3 or 4 days. Among the five N-linked glycosylation site mutants, the growth kinetics of mutant 637 was substantially delayed compared with that of the wild-type virus (Fig. 3) . While the RT activity was detected in the wild-type-virus-infected cultures 10 days postinfection, the RT activity was not detected in mutant 637-infected cultures until 27 days postinfection (Fig.  3) . Slight delays in growth kinetics as monitored by the RT activity were observed in cultures infected by mutant 611 or mutant 616, with mutant 611 showing more delay than mutant 616. No delay in growth kinetics was observed for mutant 624 or mutant 674. These results suggest that some of the conserved N-linked glycosylation sites within the extracellular domain of gp4l may play roles in HIV-1 infectivity.
The infectivities of three other N-linked glycosylation site mutants, designated 613, 618, and 639 (Fig. 1) , which had the serine or threonine residue of the canonical Asn-X-Ser/Thr sequence replaced by a noncanonical alanine or valine residue, were also studied. These third-site mutants were constructed to study whether the observed effects on viral infectivity for mutants 611, 616, and 637 were due to amino acid substitutions introduced at the first site of the canonical Asn-X-Ser/Thr sequence per se rather than to the loss of N-linked glycosylation sites. If a third-site mutant has a phenotype similar to that of the wild-type virus, it is highly unlikely that the observed effect on viral infectivity of the corresponding first-site mutant can be attributed to the loss of an N-linked glycosylation site. Both gpl60 and gpl20 were detected in COS-7 cells transfected by mutant 613 (Fig. 1) . No delay in growth kinetics was observed for this mutant compared with the wild-type virus (Fig. 3) . Thus, the observed effect on viral infectivity for mutant 611 was likely due to the substitution of a histidine residue for an asparagine residue.
For mutant 618, no RT activity in cultures infected by this mutant was detected throughout the entire follow-up period (Fig. 3) . The relative amounts of gpl60 and gpl20 in the wild-type-virus-transfected COS-7 cells were compared by Western blot analysis with those in the mutant 618-transfected COS-7 cells. As shown in Fig. 1 in the mutant 618-transfected COS-7 cells was disproportionate to that of gpl60 (Fig. 1 ). It appears that the phenotype of mutant 618 can be explained by the excessive secretion of gp120, possibly as the result of dissociation from gp4l. As shown in Fig. 4, gpl60 and gpl20 in the wild-type-virustransfected COS-7 cells were detected by radioimmunoprecipitation analysis (11) . In COS-7 cells transfected by mutant 618, however, gpl60 was more readily detected than gpl20 and most of the gpl20 was detected in the culture supernatant. The loss of infectivity by mutant 618 could be attributed to excessive secretion of gpl20. It is unlikely that the loss of infectivity is caused by the loss of N-linked sugars, since a similar phenotype was not observed with mutant 616. These findings leave the question of whether N-linked sugars have a role in the slight impairment of infectivity by mutant 616 unresolved. It should be noted, however, that the amino acid residue altered by mutant 618 is outside the regions previously reported to be critical for the association between gpl20 and gp4l (9).
Severe impairment of infectivity was observed for mutant 639. The level of RT activity detected in cultures infected by mutant 639 was not significantly above that of the mockinfected cultures until 20 days postinfection, which was a delay of 10 days compared with the wild-type virus (Fig. 3) .
Both gpl60 and gpl20 were detected in the mutant 639-transfected COS-7 cells (Fig. 1) . The mutated gp4l species detected in the virions also migrated faster than the wildtype virus (data not shown), which is compatible with the suggestion that N-linked sugars may be present in this conserved N-linked glycosylation site. One possible interpretation of the finding that both mutant 637 and mutant 639 have severe impairment of infectivity is that N-linked sugars at this particular N-linked glycosylation site may have important roles in HIV-1 infectivity. However, the alternative interpretation that the impairment of viral infectivity was caused by amino acid substitutions per se rather than by the loss of N-linked sugars cannot be ruled out.
The N-linked sugars of HIV-1 have been proposed as potential targets for antiviral therapeutic agents (6, 7, 12, 13, 24) . In fact, some inhibitors of the N-linked glycosylation pathway were previously shown to reduce HIV-1 infectivity (13, 16) . However, it remains unclear which HIV-1 glycoproteins are targeted by these inhibitors. Our results raise the possibility that glycosylation inhibitors aimed at the gp4l N-linked glycosylation site represented by mutants 637 and 639 may have an antiviral effect.
